Abstract-The renowned effect of space weather is fluctuation in the amplitude of the radio signal that propagates in the ionosphere especially in the equatorial region. This fluctuation is also referred to as scintillation that will intense, degrades the signal quality, reduce the information content, or cause failure of the signal reception. Space-based radio navigation systems such as the Global Positioning System (GPS) will provide us with a unique opportunity to characterize the ionospheric scintillation effect as the signals propagate from the satellites to the GPS receiver. Sarawak, which is located near to the equatorial region, has been selected for the aim of this research. By using amplitude scintillation data recorded by the GPS Ionospheric Scintillation & TEC Monitor (GISTM), ionospheric irregularities along the path was examined and related to the signal strength performance. Methods and procedures to study and analyze the amplitude scintillation data are presented. Furthermore, the amplitude scintillation parameter is related to signal-to-noise ratio (SNR) in order to model the GPS satellite signal strength in this region. The preliminary developed SNR empirical models are a function of amplitude scintillation from the reference station path to the satellites. These contribute to the knowledge of received satellite signals strength performance in terms of ionospheric amplitude scintillation.
INTRODUCTION
Modeling and understanding the behavior of the satellite signal performance is required by the scientific community which is of great interest. Global Positioning System (GPS) is a globally available space-based radio navigation system. It has become increasingly sophisticated and famous in the space weather research. With the advent of GPS, ionospheric studies got an additional boost given the coverage of L-band communication links on satellites, including those used by GPS satellites.
The GPS signal performance is studied based on the parameter of signal-to-noise ratio (SNR) in a 1 Hz-bandwidth [1] . The larger the SNR ratio is, the stronger the signal is. It is a function of transmitted signal, distance and receiver hardware with value that is typically 30 to 55 dBHz at outdoors [2] . Many factors affect the signal quality with the signal strength decreases as the distance between the satellites and GPS receiver increases. These are essentially due to attenuation caused by geometric spreading and the attenuation in the troposphere and ionosphere layers. Ionosphere is a region of ionized gas or plasma which is about 60 km to 1500 km above the Earth's surface [3] . One of the main characteristics of the ionosphere contributes to the degradation of GPS signals is irregularities along the path that is mainly attributed by scintillation. Ionospheric scintillation is caused by irregularities in the electron density of the ionosphere [4, 5] . That causes rapid changes in the phase and amplitude of the transmitted signals. Amplitude scintillation in GPS degrades positioning accuracy, cycle slips and may cause data loss in GPS receiver, while phase scintillation can affect the phase lock loops in GPS receivers which results in losing the phase lock [6, 7] . Therefore, studies are necessary to characterize ionospheric scintillation impact on GPS signal.
Ionospheric scintillation influences all space-based communication, surveillance, broadcasting, and navigation systems. It has important impact on Global Navigation Satellite System (GNSS) as the effect range from degradation of positioning, velocity, and timing accuracy to receiver lossof-lock. Due to the increasing demand on GNSS applications, understanding of characteristics and effect of ionospheric scintillation on GNSS signals and receivers has gained worldwide attention from both scientific research and engineering application fields especially space science and radio telecommunication communities.
Furthermore, ionospheric scintillation is particularly significant at L-band frequencies and is dependent on geomagnetic location, season, solar activity (sunspots) and local time as shown in Fig. 1 . There are two intense zones of scintillation, one at high latitudes and the other at equator. Besides, there is a pronounced night-time maximum of scintillation activity in the equatorial sector. In addition, ionospheric scintillation occurs more frequent in years of solar GPS Satellites GNSS Antenna GISTM Receiver Figure 1 . Depth of scintillation fading at 1.5 GHz (L-band frequency) during solar maximum and minimum years [10] maximum.
GPS signals are not totally accurate, since atmospheric conditions especially the solar activities can affect the GPS accuracy. In addition, ionospheric scintillation can cause serious effect on satellite communications systems especially in the equatorial region, where the scintillations activities considered maximum. Based on Davies and Smith [8] , Ippolito [9] , ITU-R [10] and Leong et al. [11] , the equatorial region bounded between ±20° of the magnetic equator are susceptible to intense scintillation activity. From literature review, it is agreed that the scintillation activity is at a maximum during night-time, lasting from 30 minutes to a few hours in duration. In addition, equatorial scintillations are strongest after sunset near the equinoxes [8] .
Sarawak is located immediately north of the equator between latitude 0 o 50' N and 5 o N and longitude 109 o 36' E and 115 o 40' E. Thus, it is important to study ionospheric scintillation in Sarawak due to its location in equatorial region. Furthermore, the nature of how the settlement is been sparsely distributed with poor local area network communication in this areas. Therefore, the rural dwellers solely depend on GPS satellite communication.
A scintillation index is used to quantify the intensity fluctuations of ionospheric scintillation. The total amplitude scintillation index, denoted as S4 t , includes the effect of ambient noise, is defined as the square-root of the normalized variance of signal intensity over a given interval of time as shown in (1) [10]. 
where I is the intensity of the signal, and < > denotes the average value of the variable. S4 t is a dimensionless number with a theoretical upper limit of 1.0, commonly estimated over an interval of 60 seconds.
In addition, scintillation strength had been classified into three regimes: weak, moderate and strong. The weak case corresponds to S4 less than or equal to 0.2, the moderate case has S4 which are in between 0.2 and 0.4 and a strong case has S4 greater than 0.4 [7, 12, 13] .
This paper aims at establishing the basis to model the behaviors of the SNR with respect to amplitude scintillation which is best suits Sarawak region. In this paper, strategies to determine the amplitude scintillation and development of signal strength empirical model in Sarawak region using the GPS Ionospheric Scintillation and Total electron content Monitor (GISTM) data are described.
II. METHODOLOGY
The methodology of this work contains two main categories which are data collection and acquisition, as well as data analyzing method. Data collection and acquisition contains the description about the GPS data that has been used. Then, data analyzing method category is describing how the data will be processed, analyzed and modeled. The research methodology is shown in Fig. 2 .
A. Data Collection and Acquisition
Fig . 3 shows the experimental setup to measure and collect the GPS scintillation. The data set used for this study was measured at the Faculty of Engineering, Universiti Malaysia Sarawak (UNIMAS). The measurement was done in collaboration with the Institute of Space Science (ANGKASA), UKM. The GISTM receiver and global navigation satellite system (GNSS) choke ring antenna were installed on the rooftop of the Faculty of Engineering building under clear sky environment. This receiver comprises the GPS signal monitor, specifically configured to measure amplitude and phase scintillation from the L1 frequency GPS signals, and ionospheric TEC from the L1 and L2 frequencies GPS signals. This scintillation monitoring receiver is a low phase noise oscillator and provides true amplitude, single frequency carrier phase measurements, and TEC measurements from up to 11 GPS satellites in view.
The required parameters such as GPS time of week (GPS TOW), pseudorandom number (PRN) of visible satellite, total S4 index, corrected S4 index, and carrier-to-noise ratio (C/N 0 ) values will be extracted over one minute period. The data structures are then organized, plotted and analyzed by using programming software.
B. Amplitude Scintillation Calculation
GPS receiver is capable of measuring amplitude scintillation, S4 index, which is derived from the intensity of the received signal over 60-seconds intervals. The GPS GISTM receiver computes two parameters of S4, which are the total S4 (S4 t ) and correction to the total S4 (S4 cor ) due to ambient noise. In the analysis, the corrected S4 index excluding the influence of ambient noise is computed by using (2) [14] . If the S4 cor is larger than the S4 t , the corrected S4 will set to zero since the S4 value is obviously due to noise [15] . In addition, only GPS satellites signals with elevation angle greater than or equal to 15 o , are considered during measurements, since the signals from satellites with low elevation angles usually suffer large fluctuations due to multipath effects [16] . 
C. Data Modeling Development
For the preliminary modeling design, a sample of raw data on 5 November 2010 for 24 hours observation in 60 second's interval is applied and processed. In this period, there are 31 visible satellites (PRN2 -PRN32) and all of them will be included for the modeling purpose.
The signal strength empirical models in terms of amplitude scintillation will be developed from the measurement results obtained under the open space condition. The purpose of these empirical models is to study and forecast the satellite signal strength performance in terms of ionospheric amplitude scintillation effect. Firstly, the models will be derived mathematically from the relationship of the mean of SNR with respect to S4 index from those visible satellites. The models are then distributed into different group levels (weak, moderate and strong) of scintillation activity. After that, the models for each group levels are obtained by applying the least-squares curve fitting approach [17] . The corresponding residuals for each group levels are also obtained for further analyzing the models.
III. RESULTS AND DISCUSSION
In order to study the satellite signal strength performance, a set of GPS GISTM raw data measured in UNIMAS, Kota Samarahan, Sarawak (1.28 o N, 110.26 o E) was processed and analyzed for all those visible satellites. The GPS GISTM data was recorded under universal time system, with sampling interval of 60 seconds and analyzed with cut-off elevation mask of 15 o for 24-hour period.
In this section, the relationship between SNR and amplitude scintillation for clear sky environment is investigated, analyzed and presented in graphical forms. As a result, empirical models are developed in order to forecast the satellite signal strength performance in Sarawak region.
The SNR data were obtained according to the methodology presented. The SNR against local time (LT) for all of the visible satellites are shown in Fig. 4 . Local time is obtained by adding eight hours to the corresponding universal time. The SNR values shown are always in the range of 38 to 57 dBHz as agreed by Prakash et al. [2] . The corresponding one-hour moving average SNR curve is shown in Fig. 5 where its values are fluctuating around 47 to 50 dBHz. Here, moving average is used to define the trend and to recognize changes in The SNR values show minimum in midnight since scintillation frequently occurred during nighttime as stated in SBAS Ionospheric Working Group [5] and Seif et al. [18] .
The amplitude scintillation index against local time for all the visible satellites is plotted in Fig. 6 . Note that the corrected S4 values vary during the day. There are strong scintillation around 3 am, 6 am to 12 noon, 6 pm and 11 pm. Moreover, moderate and weak scintillation is observed early in the morning until noon and after 4 pm until midnight. From 1 pm to 4 pm, there are only weak or no scintillation occurs.
The satellite signals are lost, or signal tracking can be rather difficult, during scintillation events. By observing Fig. 5 and Fig. 6 , it can be noticed that SNR is reduced when there is strong scintillation. However, the SNR is still in acceptable range. For typical GPS receiver, the satellite signals will lose when SNR is less than 30 dBHz [19] . It can be summarized that SNR and S4 index are inversely proportional. This relationship is shown in Fig. 7 . This figure shows that SNR has a higher value at lower scintillation index. However, SNR values are lower while experience strong scintillation effect. Based on Fig. 7 , it is clear that there is only a small amount of satellite signals will experience moderate and strong scintillation effect. Most of them have weak or no scintillation effect during undisturbed condition. Strong scintillation normally happen when there was storm or solar flare events [20, 21] . In order to model SNR against amplitude scintillation index, regression curve fitting is applied as shown in Fig. 8 to Fig. 10 . Fig. 8 shows cubic polynomial regression of SNR for weak amplitude scintillation index and its corresponding residual plot. This regression displays 248.3 of norm of residuals that is a measure of the goodness of fit, where a smaller value indicates a better fit than a larger value. The corresponding norm of residuals is large due to the huge amount of data during weak scintillation. However, this is the best fitting to the actual data among others curve fitting methods. This best fit curve gives the mathematical equation of SNR in terms of corrected S4 index as derived in (3). 
Residual is the difference between the ordinate data point of the dependent variable and the fitted value for each abscissa data point. Overall, the residuals of the cubic polynomial best fit as compared to actual data are within 10 dBHz as illustrated in the bottom plot of Fig. 8 . The points in a residual plot are randomly dispersed around the horizontal axis, which means this regression model is appropriate for the actual data during weak scintillation.
Same procedures of modeling are repeated for data during moderate scintillation as shown in Fig. 9 . However, linear regression curve fitting is applied here. This regression is better fitted to the actual data as compared to fitted SNR curve for weak scintillation where its corresponding norm of residuals is equal to 39.028 for a moderate amount of data. The mathematical equation of SNR in terms of corrected S4 index for moderated scintillation is expressed in (4). 
The residuals of linear best fit as compared to actual data are within 8 dBHz as shown in the bottom plot of Fig. 9 . These residuals are acceptable since their distribution is symmetric around the horizontal axis. Therefore, the use of linear regression model is suitable for the actual data during moderate scintillation. 
The bottom plot of Fig. 10 shows the residuals of linear best fit as compared to actual data are within 4 dBHz. This linear regression model is fitting for strong scintillation data as the points in a residual plot are randomly dispersed around the horizontal axis. These are preliminary empirical models which will be used to characterize and study the satellite signal performance in Sarawak region in terms of amplitude scintillation. This research information or data are useful for mobile services, navigation application and satellite communication services.
IV. CONCLUSION
The work presented has shown encouraging results based on the utilization of S4 index for the received signal strength performance. The amplitude scintillation has shown vary reading during the day. However, they have shown inversely proportional relationship in between the SNR and S4 index. In addition, SNR shows minimum in midnight as well as lower values at noon time with strong scintillation effect. The best fit regressions of SNR as a function of S4 index have been developed by following their group level of scintillation activities. Weak scintillation data is modeled by applying cubic polynomial regression, while moderate and strong scintillation data are modeled by applying linear regression. The best fit regressions will forecast the received satellite signal performance in Sarawak region in line-of-sight environment. These models are useful in improving communication networks and navigation systems in this area based on the amplitude scintillation effect. In addition, a longer period of experimental data is necessary in order to characterize the satellite signal performance further and generate the general empirical models in this region.
